The arid climate regions, such as in Riyadh city (Saudi Arabia), are characterized by strong dust storms which can deteriorate the performance of wireless systems. In addition, due to that the accelerated growth in many high buildings in a modern city such as Riyadh creates non-line of sight (NLOS) conditions can be represented by diffraction mechanism causes also attenuation loss affects the received wireless signals. This paper presents a new modelling study on the influence of dust storm and diffraction mechanism on wireless point to point (P-to-P) communication links in Riyadh. This unique study uses measured dust storm data and real urban scenarios to simulate the wireless links and investigate the effect on receiver performance based on the receiver sensitivity criterion. Several frequencies allocated for the fifth-generation (5G) wireless systems have been utilized as operation frequencies. The results showed that there is an inverse proportional between the attenuation loss due to diffraction and the distance over which the signal travels between the transmitter and receiver particularly when either the transmitter or the receiver is more close to the diffraction object. This study reveals that higher frequencies lead to higher diffraction loss, higher dust storm loss as well as higher free space loss. Moreover, certain millimeter-wave frequencies, such as 60 GHz, experience very high losses due to atmospheric absorption that can only operate on very short link distances. Besides, there is a need for high-quality receivers, especially for very high operating frequencies.
I. INTRODUCTION
The next wireless fifth-generation (5G) systems are expected to be ready to work all over the world in 2020. These systems are characterized by several improvements in network and physical layers include antenna techniques such as massive multiple input multiple output (Massive MIMO) and beamforming technologies, modulation techniques such as filter bank multi-carrier (FBMC) and non orthogonal multiple access (NOMA), new higher frequency spectrum allocations such as millimeter-wave (mmWave) and relaying technologies [1] , [2] . The mmWave frequency spectrum bands have been allocated to the 5G networks due to the fact that these bands have a high capacity to provide a huge amount of spectrum resources to support high data rates for uplink and downlink communications. However, there are various principal practical obstacles to use mmWave in mobile networks can The associate editor coordinating the review of this manuscript and approving it for publication was Davide Comite . limit employing mmWaves especially in some severe weather conditions [3] . These impairments include low penetration capability, large losses due to free space propagation, rainfall, snow and dust storm, as well as narrow beam width fading loss due to diffraction mechanism [4] , [5] .
In high-frequency bands above 10 GHz, rainfall fading either for terrestrial [6] or satellite communication [7] is the predominant factor in equatorial areas such as Brazil, Malaysia, Nigeria and other similar weather condition areas in Europe. While fading due to sand and dust storms is observed that it is a dominant factor in deserts, arid and dry regions such as in some Arabic country (as Sudan and Saudi Arabia), arid parts of Australia, and States of Texas and Arizona in America, respectively. Naturally, dust storm arises when two conditions have happened; the first condition is there is dry and disjointed soil with no vegetation cover; the second condition is strong wind with high speed. The mechanics of the emergence of a dust storm can be summarized as follows. The heating of the earth's surface creates convection currents, and then the air above the earth's surface becomes warm and rises up in atmospheric layers as convection currents. This causes variations in atmospheric pressure and heat, and leads relatively cold winds to be pushed to replace the previous convection currents site, which in turn make dust rises up and carries soil grains up to a level that is proportional to wind power, soil dryness, and disintegration, which ultimately forms the dust and sand storms [8] .
Nowadays, the prediction of dust storms becomes not difficult given the availability of extensive metrological data and local geographical conditions [9] . However, the most significant worry in wireless communication technology is the fading or attenuation that affects the communication signal caused by the dust storms. The key attenuation factor varies in line with the regional climatological state of affairs. The work in [8] indicated that previous studies have dealt with the dust storm fading as a uniform distribution or took specific geometric shape, however, the models of assessing the attenuation created by the dust storm is designed based on the estimated visibility and the size of the dust partials. Riyadh city is located in the Arabic peninsula and characterized by a desert environment that always suffers from extreme sand storms all year. The latest statistics related to the number of sandstorms that hit Saudi Arabia each year showed that the minimum and the maximum number of sandstorms range between 83 and 212 in 2014 and 2012, respectively [10] . Recently, in 2017, the number of sandstorms reached 98 sandstorms. Some of the observed dust storms are very powerful such that the visibility reaches to very low horizontal distance. For instance, according to [11] , a massive dust storm swamped Riyadh city and nearly blanketed all its area on March 10, 2009, ( Fig. 1 shows a sample). This storm continued for some hours with very low visibility reached to few meters.
The terms of dust storm and sandstorm can be differentiated using particle size [12] , [13] , if the storm normally has a particle size less than 0.6 mm, it is called dust storm, whereas it is referred to as sand storm if the particles have larger diameter sizes (in the range of 0.6-1 mm). Moreover, dust storms can be classified into four categories [14] - [16] based on the range of visibility, where the visibility range is referred to as the horizontal path over which the transmission drop to a percentile of two of its initial value. The four dust storm categories are: (i) severe dust storm (with visibility range < 500 m), (ii) moderate dust storm (with visibility range of 0.5 -1 km), (iii) light dust storm (with visibility range of 1 -10 km) which is caused by wind, and (iv) dust haze (with visibility range > 10 km) that is created due to a dust storm occurs at a considerable distance from the observation location.
On the other hand, most related previous studies have mentioned that the average heights of sand and dust storm are between 1 and 2 km [17] , [18] . In addition, sand particles can move only under the condition of a certain wind threshold velocity that observed to be 30m/s. If the particle size if 0.5-1 mm, then it can be blown up for several tens of cm high; if the size is 0.125-0.25 mm, it can be raised up to 20 cm high; for particle size of 0.05-0.005 mm, it can be blown up to 1.5 km; more smaller particle sizes can be lifted up higher to some kilometers high [12] .
In [19] , the influence of attenuation caused by dust and sand storms on the performance of microwave wireless networks installed in the southern region of Libya have been investigated and predicted using a proposed model based on Mie scattering theory. It is concluded that for a severe dust or sand storm with high moisture content and visibility of 4m, the signal outage will not occur at frequencies of 0.9 MHz and 2.1 GHz, while if 15 GHz or higher is used with same visibility, the outage will be detected. In another study, the effects of propagation on microwave links and millimeter-waves in a dust storm have been investigated using meteorological parameters, such as visibility, humidity on 14 and 22 GHz [20] . Another proposed model to predict the attenuation of electromagnetic waves in dust storm based on a modification of Mie theory has been presented in [21] . In a recent study [5] , the effect of dust storm is only considered and no diffraction effect or atmospheric absorption losses have been investigated.
In regard to the factors that can influence signal attenuation, previous experimental studies such as [22] , [23] showed that temperature seems to have a significant negative influence on signal strength, i.e., increasing in temperature decreases the received signal strength. On the other hand, due to that temperature is one of the factors that can co-play a role in occurrence of dust storms beside other factors such as precipitation, wind speed and direction, moisture, etc, the results can be affected by the air temperatures from the side of dust storms occurrence, vertical and horizontal dust storm motion, and the intensity of the dust storm. However, some previous studies showed that temperature is not a dominant factor by itself without the abovementioned co-factors and some studies showed that its effect is not significant. Those studies illustrated that the influence of temperature is different from area to area and from season to season and its effect is associated with other factors too [ 24] , [25] .
In addition, Riyadh city goes fast growth in many high buildings and towers as a modern city which in turn raises the effect of non-line of sight (NLOS) in terms of diffraction mechanism of point to point (P-to-P) wireless communication links. This diffraction should be taken into consideration and its effect on communication signals received should be investigated.
In this regard, ITU-R P.526-14 [26] and ITU-R P.530-17 [27] recommendations have been developed to contribute to propagation prediction. Where, ITU-R P.526-14 recommendation presents several models to assist the readers to estimate the effect of diffraction obstacle types on the received signal strength in various path geometries [26] . In addition, ITU-R P.530-17 provides prediction approaches for the propagation effects that should be considered in the digital fixed LOS link design and additionally it offers guidance on link design for the possible mitigation techniques to minimize propagation impairments [27] .
This paper suggests a unique model to estimate both the attenuation caused by a homogenous dust storm especially on the P-to-P terrestrial signals based on a uniform distribution of dust storm (worst case) and the influence of diffraction mechanism on the link signals. Then, we suggest some solutions to avoid the negative effects of these impairments.
However, the application of MIMO technologies is one of the most crucial distinctions for 5G which enhances the conventional point-to-point link [28] . In P-to-P MIMO, each antenna on the Tx side will only connect to a single antenna on the Rx side. The Tx and Rx are provided with a large number of antennas to increase the data rate without increasing the bandwidth. P-to-P systems usually assume frequency-flat and slow fading channels [29] , [30] . Although the proposed model in this article has been carried out for a single Tx/Rx antenna, it can be implemented using a large number of antennas (MIMO technology) supported with beamforming technique to concentrate the electromagnetic radiation into the specific receiver. However, much consideration on the maximum coverage distance for each frequency band should be taken into account especially at the highest frequencies.
In addition, a large or (massive) MIMO technology would be attractive to support point to multipoint (P-MP) fixed wireless services and can shrink the cost and size of mobile backhaul networks compared with P-to-P wireless service [31] - [33] . In Fig. 2 , a concept of mobile and fixed backhaul networks using fixed wireless service with MIMO technologies is introduced [31] .
The three main contributions of this paper are as follows. First, to the best of the author's knowledge, no study has been carried out to investigate a wireless link scenario under influence of the diffraction mechanism together with a dust storm phenomenon to predict and analyze the propagation effect. Second, unlike some previous studies on dust storm that investigated the effect of dust either with no wireless link scenario (a link with Tx and Rx) as in [34] or with no diffraction effect as in [5] , in addition, most previous dust attenuation studies have been done only for a few operating frequencies and the attenuation estimated in those studies is in terms of dB/km (no cases studies), while our study investigates various wireless link scenarios under homogeneous dust storm effect by assuming worst-case condition and wide range of frequency spectrum. Also, the effect of atmospheric absorption on the frequencies under study in this paper has been taken into account. Third, this study is based on real dust measurements and real urban scenarios which make it more technically sound. Although this model is based on a single Tx/Rx antenna, however, the model can also work for a large number of antennas with beamforming that make it suitable for carrying prediction studies for the 5th or even the next communication generations with adding some modifications related to assumed scenarios especially on radio covering distance and frequency used.
The rest of this paper is organized as follows. Section II presents the proposed model to carry out this study. In Section III, the P-to-P system specification and parameters are presented. The results for the P-to-P wireless system are discussed and analyzed in Section IV. Finally, Section V concludes this study.
II. PROPOSED MODEL AND METHOD
The environment that this study is assumed to be is in Riyadh city (it is at an average level of 612 m (asl)), such that a wireless P-to-P link is proposed to be within a dense urban area. Riyadh center is crowded by tall buildings such as the Mamlaka tower (or Kingdom Tower (KT)) which is the highest building in Riyadh. In our system scenario, the King Khalid International Airport (KKIA) is assumed to be the point of the receiver (Rx) which is located in the north direction to the KT at latitude and longitude of 24.957278 • and 46.699402 • , respectively, and it is at a level of 623.7 m (asl). Whereas, the transmitter (Tx) is located on different points to the south side of the KT. The KT tower is between the two points (Tx and Rx) and assumed to work as a diffraction object due to its height and knife-edge that affect the signal propagation from the Tx to the Rx. The path length between the Tx and Rx has been assumed to be within the range of 1-50 km.
Due to that Riyadh city is one of the arid regions characterized by dust and sand storms and now is one of the modern cities crowded by highest buildings, the link potentially experiences both sand storm and diffraction influences. This situation has been modeled and it is illustrated as in Fig. 3 .
The P-to-P system link according to the scenario shown in Fig. 3 has been installed and can be summarized as follows. Firstly, the P-to-P link and the system specifications (Tx and Rx parameters) have been defined with the help of Nautel Radio Coverage Tool [5] , [35] , [36] and the channel propagation is assumed to be under the worst-case scenario (including free space), where the power received at the KKIA is computed under the influence of dust storm. Then the diffraction mechanism is considered, such that the received power has been computed under the effect of the abovementioned three effects. Finally, the received power is compared with the receiver sensitivity (R s ) and then the results have been collected. The flow chart of the method has been depicted in Fig. 4 (more explanations are in Section III).
Installing the system has been fulfilled by determining the key P-to-P link parameters, and then the propagation channel has been included in the system environment. The received signal computing is mainly based on the following parameters: transmitter power P t ; the gain of the transmitter and receiver antenna, G t and G r , respectively; system connection losses, L sc ; and the channel propagation losses which include dust storm attenuation L ds , diffraction loss, L dif , atmospheric absorption loss, L ab , and free space loss, L fs ; Thus the received power formula can be expressed by:
where the free space loss, L fs , mainly depends on the frequency of the P-to-P link signal, f (MHz), and the distance between the transmitter and receiver, d (km) [27] .
In order to compute the attenuation loss due to dust storm, we should remember the fact that when the signals impinge on a raindrop or particle, some part of the incident power is absorbed and some are scattered out [5] . Thus, the scattering cross-section of a single particle can be used to describe the attenuation loss resulting from the dust storm [37] , [38] . The entire attenuation loss, in dB, caused by a dust storm over a link has a length of d can be given as:
This attenuation loss, L ds (dB), can be performed by Mie solution due to the fact that it is not limited by certain frequency bands as well as it is characterized by high reliability, particularly at higher frequencies. Whereas, Rayleigh approximation is based on the assumption that the radius of dust particles in meters, a e , must be much smaller than the signal wavelength λ, and it is difficult to use it for frequencies more than 37 GHz [39] . Therefore, this paper proposes Mie model [34] to be used to estimate the dust attenuation, A d , in dB/km. The dust attenuation, A d depends on the signal wavelength, λ, atmosphere visibility, V , the radius of dust particles, a e , and the real part (ε') and imaginary part (ε'') of the particles dielectric constants.
where M 1 , M 2 , and M 3 are constants whose values depend on the particle dielectric constants (ε' and ε''), which are given by:
VOLUME 7, 2019 TABLE 1. The main system parameters of the P-to-P links [5] , [31] , [35] , [36] , [41] . The visibility, V , can be expressed in terms of particle density as follows:
where N is the number of dust particles per unit volume of air within the unit of particles per cubic meters. In addition, the diffraction loss, L dif , has been added to (1) because the P-to-P link operates in an environment with high buildings that have sharp or knife-edges. The diffraction phenomenon can be explained by Huygen's principle [40] . In this situation, the transmitter site is higher than the receiver site according to [36] and assumed antenna mast heights. In addition, the scenario in Fig. 3 can be approximated by the geometry illustrated in Fig. 5 so as to computing the Fresnel-Kirchoff diffraction parameter which is utilized in extracting the diffraction attenuation loss. Thus, we can utilize the following formulas to compute the diffraction loss, L dif [26] , [40] :
where d 1 is the distance between transmitter and the KT (the obstacle) and d 2 is the distance between the KT and the receiver (see Fig. 3 ), whereas h, h t , and h r represent heights of the obstacle (KT), transmitter, and receiver, respectively. Also, α 1 and α 2 are angles in radians between the top of the obstacle (KT) and one end as seen from the other end, while θ is the angle of diffraction [26] , [40] . All these parameters are illustrated in Fig. 3 . According to our scenario, Fresnel diffraction geometry has been adopted to model the system which is shown in Fig. 3 . From Fig. 3 , it can be seen that h is positive, thus α and v are positive. Also, indicating to Table 1 and system specification, both of the transmitter and receiver antenna heights are smaller than the distance between the transmitter and receiver. Therefore, it can be said that the receiver is placed in a shadow area. As long as the receiver is located in a shadowed region (diffraction zone), the electrical E-field strength at the receiver is the vector sum of all fields due to secondary Huygen's sources in the plane above the knifeedge at the KT. The ratio of the electric field strength, E d , of knife-edge diffracted wave and the free space field strength in the absence of both ground reflections and knife-edge diffraction, E 0 , can be expressed by:
where F (v) is the complex Fresnel integral, and v is the Fresnel-Kirchoff diffraction parameter, it is a dimensionless factor. Ultimately, the diffraction loss is mainly a function of the Fresnel-Kirchoff diffraction parameter which is given by the following formula.
III. P-TO-P SYSTEM SPECIFICATION PARAMETERS AND SCENARIOS
The specification of the transmitter and the receiver of the P-to-P system and related link characteristics are detailed in Table 1 . Different 5G carrier frequencies in different radio frequency spectrum (C-band, Ka-band and Millimeter bands) are utilized in this study. In each frequency band, different receiver sensitivity values have been assumed [5] , [41] .
In addition, values of dust storm dielectric constants also vary with each carrier frequency operation [5] , [15] , [41] . The assumed P-to-P link scenarios and parameters, shown in Fig. 6 and detailed in Tables 1 and 2, are as follows: (a) Scenario 1 represents a link operates at a microwave frequency of 3.9 GHz with high antenna gain for both the Tx and the Rx, and the receiver has a sensitivity of −69 dBm undergoes dust storm and diffraction effect due to the tower building (KT); (b) Scenario 2 denotes to a link runs at a Ka-band frequency of 26 GHz with high antenna gain for both the Tx and the Rx, and the receiver sensitivity is −77 dBm. both scenarios a and b have the same dielectric constants values of dust; (c) Scenario 3 investigates the link performance at the frequency of 38 GHz but with less Tx and Rx antenna gains. The receiver sensitivity for this scenario is better than the previous two scenarios, −103.02 dBm; (d) Scenario 4 shows one of the frequencies, 60 GHz, which naturally affected by atmospheric absorption and significantly negatively affects the link [42] . The other parameters for scenario 4 are approximately the same as scenario 3; (e) scenario 5 represents a P-to-P link operates at 100 GHz and uses a receiver with a sensitivity of −103.02 dBm same as scenarios 3 and 4. All links are assumed to use directional antennas; parabolic antenna for the Txs with 0.6 m diameter except Scenario 1 which has a diameter of 1.8 m. Whereas horn antennas are used for the Rxs [43] , [44] .
In Table 1 , the atmospheric absorption is included as one of the effective factors for the frequency of 60 GHz. There are several studies showed that a number of frequency bands, including 60 GHz, suffer different atmospheric absorption, which includes oxygen and water molecule absorptions, cause further path loss is added to free space propagation [42] , [45] , [46] . These researches illustrated that the atmospheric absorption loss at 60 GHz is approximately 10 dB/km. Table 1 . The values of angles (θ , α 1 and α 2 ) are variable and depend on the two distances d 1 and d 2 , the heights of Tx, Rx and the diffraction building KT. The atmosphere visibility is also variable according to Table 2 .
In order to estimate the environment channel parameters for the assumed scenarios in Fig. 6 , the Nautel's RF toolkit has been used to help in determining some of these VOLUME 7, 2019 parameters such as urban loss and statistical loss as well as antenna heights and the Tx and Rx locations. The urban loss is a result of clutter with urban type that appears within the Fresnel zone, whereas, the statistical loss is an additional loss due to terrain which is added to the link budget [47] . The Nautel's RF toolkit utilizes a digitized terrain database called SRTM (Shuttle Radar Terrain Mapping) provided by NASA. The parameters have been extracted from Nautel's RF toolkit and added to a Matlab program which is used to simulate the proposed model and link scenarios. This is has been done due to that the Nautel's RF toolkit does not take into account the diffraction effect due to buildings which is a key factor in this paper.
On the other hand, the measured values of the dust storm in Riyadh city have been collected as in Table 2 . Although dust storm data comes from [48] which is dated back to 1987, it is still valid due to the following fact. Statistics have been done by [25] on inter-annual and decadal variability of total dust activity, in Saudi Arabia area for the period 1985-2013, clearly showed that dust activity during the period 1985-1994 is similar to that recorded during the period 2010-2013. This means that dust storm data is valid nowadays.
IV. RESULTS AND DISCUSSION
In this section, the received power at the receiver side is analyzed and discussed under different dust storm scenarios and diffraction effects. In Table 2 , it can be observed that the dust storm cases ordered according to the worse case; such that the first row with a particle diameter (D) of 42.5 µm and visibility (V) of 0.6 km represents the worst case (due to the signal will travel within a medium has the largest dust particle diameter and the lowest visibility). While the last row (with D and V of 16.4 µm and 4 km, respectively) represents the best case among the measuring data which means better weather situation than the first case in terms of visibility and particle size.
The diffraction loss has been calculated such that the transmitter is placed at different positions, i.e., the distance d 1 (in Fig. 6 (a-e) ) is variable (1-22.4 km) while the distance d 2 is kept fixed (d 2 = 27.6 km). For this reason, the diffraction loss for a distance less than 27.6 km (no diffraction object) will be zero due to the fact that d 1 is zero and then the Fresnel-Kirchoff diffraction parameter is also zero according to Eqs.12 and 14. In this regard, for scenario 1, the diffraction loss is approximately 44.1 dB as a maximum value when the distance d 1 is minimum (when the Tx is 1 km away from the KT), while its minimum loss is 33.5 dB (Tx is 22.4 km away from the KT). In Fig. 7 , the power received against the distance between the Tx and Rx is illustrated for the abovementioned four dust storm readings in case scenario 1 (3.9 GHz). It can be seen that the received power decreases from −42.7 to −77.2 dBm as the distance between the Tx and Rx increases from 1 -50 km. Also, it can be observed from the small box inside Fig. 7 , related to the power received at a distance around 20 km, that the power level for the recorded lowest visibility (0.6 km) and largest dust particle size (D is 42.5 µm) is lower than that of the highest visibility (4 km) and largest dust particle size (D is 16.4 µm). The received power is often higher than the sensitivity level of the receiver (−69 dBm) as long as the distance is shorter than 20.5 km. But, for a physical distance longer than that the signal will be useless and can not properly be received due to the large attenuation loss mainly contributed by both the free space propagation (approximately of 136 dB) and the diffraction loss (38.8 dB as an average). The effect of dust storm looks negligible at this operation frequency (3.9 GHz) for all dust particle size as it is tabulated in Table 2 . On the other hand, from Fig. 8 , we can observe that the required receiver sensitivity for this scenario must be −77 dBm or higher so as to receive the signal peacefully over a distance of 50 km. In Fig. 8 and compared to Fig. 7 , it is illustrated that the signal will not appropriately be received under the scenario conditions at all due to the fact that the received signal power is always lower than the receiver sensitivity (−77 dBm) for all dust storm scenarios. It is also shown that the effect of dust particle size and frequency used (26 GHz) begins to be clear where the worst dust storm conditions experience higher attenuation than the other three situations. In addition, the diffraction loss in this scenario seems similar to its effect in Fig. 7 . However, the value of received signal ranges between −81.9 and −116.7 dBm. Therefore, the recommended receiver sensitivity for this scenario is approximately −117 dBm. Fig. 9 depicts scenario 3 regarding the P-to-P system which operates at a frequency in the millimeter-wave spectrum of 38 GHz. This figure indicates that the received power levels are much lower than the previous two scenarios where the maximum power level is −121 dBm and the minimum is approximately −160 dBm which are very much lower than the receiver sensitivity, −103.02 dBm. On the other hand, the influence of the diffraction is higher than that of the previous two scenarios 1 and 2. It contributes roughly by 49 dB in the total propagation losses. Furthermore, the dust storm contributes by 2 dB/km loss more than that of the same case of scenario 2 for the worst dust storm condition. As can be seen in Fig. 9 , the dust storm effect appears clear at a distance of 50 km for the worst dust storm condition (v = 0.6 km and D = 45.5µm) compared with case 3 and 4 of the dust storm measurements (row 3 and 4 in Tables 1 and 2) where the difference in attenuation is approximately 3 dB higher in the worst case.
Moreover, as depicted in Fig. 10 , we observe significantly higher attenuation losses due to using the 60 GHz frequency which severs from very high atmospheric oxygen absorption. At this frequency, very large signal energy is absorbed by the atmospheric oxygen which limits the maximum coverage range of this scenario. The other factors that contribute in shortening the distance are the losses due to free space propagation, diffraction mechanism, and dust storm attenuation. Therefore, the received power levels at 60 GHz is totally impractical for a distance more than 2.3 km in the normal cases with clear sky conditions and no diffraction losses. From Fig. 10 , it can be noticed that, for example, the power at a distance of 2 km is approximately −157 dBm, while it reaches to unpractical power levels for larger distances. For scenario 5 which uses the frequency 100 GHz, the atmospheric absorption is negligible, but the effect of free space loss, diffraction loss, and dust storm fading are still there. Thus, as shown in Fig. 11 , the power level at 50 km has been dropped to nearly −171 and −184.3 dBm in case of the worstcase dust storm condition (visibility =0.6 km) and the most less bad dust storm condition (visibility =4 km), respectively. However, these levels of signal power will never be properly received due to the fact that the receiver sensitivity is much higher than the recorded values, where the received power will fall in the noise power levels. Consequently, the potential signal outage will occur especially for scenarios 4 and 5. The abovementioned results show that the signal power will not properly be received in most cases and scenarios. For that reason, it is suggested to use a higher antenna mast at the transmitter side for all the scenarios. It is also assumed that the transmitter antenna is placed at 7.125 km (south) from the KT tower. The results for using higher antenna mast are depicted in Figs. 12-15 and 17 . In Fig. 12 , we observed that Table 2 related to visibility = 0.6 km and dust particle radius = 21.25 µm. a minimum antenna height of 167 m for scenario 1 is good enough to receive the power from the Tx placed at 7.125 km south of the KT tower for all dust storm conditions, i.e., the distance over which the signal travels from the Tx and Rx is 34.725 km, at which the signal power is equivalent to or higher than −69 dBm. For scenario 2 shown in Fig. 13 , the receiver will not pick up the signal until the antenna height becomes at least 293 m. At this antenna height, the received power will be at least −77 dBm. In Fig. 14, scenario 3 illustrates that for receiving the signal at 38 GHz from a Tx placed at a distance of 34.725 km, the antenna height must be at least 299 m in case of visibility of 4, 2 km, and 300 m in case of visibility of 1 km. Whereas, 300 m antenna height is required for the worst dust storm condition provided that the receiver sensitivity is at least of −106 dBm. On the other hand, for operation frequency of 60 GHz (scenario 4), as seen in Fig. 15 , the antenna height increasing seems that it will not be a practical approach due that this scenario can not work for long distances. This situation for 60GHz is further shown in Fig. 16 where the link undergoes an atmospheric absorption loss of 10 dB per km [31] , so this condition for 60 GHz restricts the hop length and drop down the signal power significantly. As illustrated in Fig. 16 , the link scenario can only operate for 1.8 km and 1.83 km in the worst-case dust storm and clear sky, respectively, with no diffraction in both cases. Otherwise, the 60 GHz link scenario will not operate even if the transmitter antenna height has been increased. Furthermore, in scenario 5 which operates at 100 GHz, 300 m antenna height for all dust storm conditions is necessary provided that the receiver sensitivity must be −129 dBm or lower, this situation is depicted in Fig. 17 . For example, if the transmitter antenna height is 300 m, scenario 5 requires an additional gain of 15 and 25 dB for the better and worst dust storm conditions, respectively, in order to appropriately receive the signal at 34.725 km. The minimum antenna heights and the additional gain (if it is required) for the various scenarios are summarized in Table 3 .
Consistent with the abovementioned results, we can summarize the key findings as follows. Diffraction losses for the five scenarios shown in Fig. 18 provides the losses from a distance of 1 km to 22 km between the Tx and the KT building, where that the maximum losses (for d 1 = 1km) and minimum losses (for d 1 = 22.4km) due to diffraction mechanism are listed for the five operation frequencies and the same P-to-P system in Table 4 . This table as well as Fig. 18 show that the diffraction loss increases as the operating frequency increases. The loss occurs because of the fact that the diffraction makes an alteration of direction of part of the wave energy. In addition, the diffraction effect is very considerable in a dense urban area when the distance between the Tx and Rx is closer to each other particularly when either the Tx or Rx is more close to the diffraction object. This means that there is an inverse proportional between the diffraction attenuation loss and the distance over which the signal travels between the Tx and Rx, i.e., the shorter the distance between the Tx and Rx, the higher the diffraction loss will be contributed to the system power budget. Furthermore, using frequencies in the higher millimeter-wave bands means higher attenuation due to path loss, higher attenuation due to diffraction and higher attenuation due to dust storm too. In this regard, the results showed that the effect of the diffraction phenomenon is much higher than that of the dust storm. This finding can be observed in Fig. 19 , in which the link of scenario 3 operating at 38 GHz has been assumed to be under four conditions: (i) with no dust and no diffraction, (ii) with dust and no diffraction, (ii) with no dust and diffraction, and (iv) with dust and diffraction, where the dust storm represents the worst case. It can be seen that if there is an obstacle in the path of the signal (diffraction) the received power highly attenuates under the sensitivity level (the two lower curves in Fig. 19 ), while the two upper curves experience lower attenuation due to the fact that no diffraction exist. This situation is also seen in Fig. 16 for the frequency of 60 GHz, which reflects the link performance situation at this highly attenuated frequency due to the oxygen absorption. Compared to Fig. 16 , in which the power received is −150 dBm at only 1.3 km away from the transmitter when there is only FIGURE 19. The Tx-Rx distance versus the power received for the worst case of scenario 3 (f = 38 GHz) and the case 1 in Table 2 related to visibility = 0.6 km and dust particle radius = 21.25 µm. diffraction and no dust storm, the link in Fig. 19 reaches the same power for the same situation after 35 km link distance.
In addition, Fig. 20 illustrates the maximum link distance for each scenario in two cases: (i) when neither dust nor diffraction exists (clear path/free space propagation) and (ii) when there is only dust. It is concluded that the maximum link distance in the first case is 1250, 105, 23, 2.3 and 8.7 km for scenarios 1-5, in that order. Whereas, the link distance decreases in the second case due to dust storm attenuation to be 1043, 80, 18.8, 1.8 and 7.18 km for scenarios 1-5, respectively. Moreover, the fade margin has been computed for all visibility measured data in Fig. 21 for scenarios 1, 2, 3 , and 5. The fade margin has been considered for two cases (i) with a normal case of diffraction (h t = 50 m) and after applying antenna height increase (h t = 300 m) when the Tx-Rx link distance is 34.725 km. The results showed that there is improving in the fade margin especially for scenarios 1 and 2, in which the antenna height increase provides a positive margin for all visibility cases. The fade margin improving made these two link scenarios possess the ability to create reliable communication within the abovementioned conditions. In addition, the antenna height increasing in scenario 3 leads the link for a positive fade margin at the minimum levels where the fade margin is only 0.2, 1.7 and 2 dB for visibility of 1, 2 and 4 km, in that order, while the link can not operates when the visibility declines to 0.6 km due to the fact that the fade margin is negative which means that the received power is lower than the receiver sensitivity. Furthermore, as can be observed from Fig. 21 , although the increase in antenna height for scenario 5 raises the fade margin by approximately 47 dB, it is not good enough to acquire a positive fade margin. Thus this link will not work at all for all visibility situations because the fade margin is always negative. Notice that scenario 4 has not been considered in Fig. 21 because of that it is likely to be used only for very short communications and ''whisper radio'' applications [42] , where the channel will attenuate very fast after a few meters [49] .
Moreover, for 5G systems operating in higher millimeterwaves such as 70 or 100 GHz bands, a very high-quality receiver with very good sensitivity levels is required to overcome the attenuation created due to the signal propagation in free space, diffraction mechanism, dust storm, etc. Thus by applying the antenna heights shown in the abovementioned figures, the recommended minimum receiver sensitivity for each scenario in order to receive the signal over the assumed distance (34.725 km) is shown in Table 5 . Even though, based on the abovementioned results, the recommendation of the international standardization bodies, such as IEEE and ITU, and practical and cost constraints, it is advised to use millimeter-waves for short link distances due to the large path losses and other propagation characteristics at these waves. In addition to that, during dust storm condition, there some solutions can be utilized either individually or as a group of techniques such reducing the data rate by adjusting the used modulation technique and/or the applied coding technique, using a high directive antenna, using automatic control gain (AGC), etc.
V. CONCLUSION
This paper presents a new modeling study on the influence of dust storm and the diffraction mechanism of wireless communication links in Riyadh city, Saudi Arabia. This unique study uses measured dust storm data and real urban scenarios to simulate the wireless links and investigate the effect on receiver performance based on the receiver sensitivity criterion. Several frequencies allocated for the 5G wireless systems have been utilized as operation frequencies.
The results showed that the shorter the distance between the transmitter and the receiver, the higher the diffraction loss will be contributed to the system power budget. It is also found that losses due to diffraction are significantly higher than that of the dust storm for similar system specification and propagation conditions. Using higher radio spectrum frequencies leads to higher losses affecting the system performance which needs a considerable system designing particularly regarding the minimum distance between the transmitter and the receiver. In addition, 5G systems require utilizing high-quality receivers especially for very high operating frequencies such as in millimeter waves.
